Non-structural protein 1 (NS1) is an important virulence factor of the highly pathogenic H5N1 avian influenza virus. A five-amino-acid (5 aa) deletion at position 80-84 and an aspartic acid to glutamic acid substitution at position 92 (D92E) are two major NS1 mutations that are highly correlated with enhanced virulence. To investigate the effect of these mutations in H5N1 virulence, three H5N1-NS1 variants were constructed: NS51 (lacking 5 aa at position 80-84), NS51(I) (carrying a 5-aa insertion at position 80-84) and NS51(IM) (carrying both the 5-aa insertion and the D92E mutation). We examined the effects of these mutations on interferon (IFN) induction, tumor-necrosis factor (TNF)a response, p53 activity and apoptosis. We found that the D92E mutation eliminated NS1's repressive effect on IFN induction, while the 5-aa deletion resulted in enhanced resistance to TNFa responses. We also observed that all three variants exhibited a similar suppressive effect on p53 transcriptional activity, although none of them significantly influenced apoptosis of host cells. Our findings shed new light on the role of NS1 in the pathogenicity of H5N1 virus.
INTRODUCTION
Non-structural protein 1 (NS1) is a virulence factor of the influenza virus and plays multiple roles in thwarting innate and adaptive immune responses and promoting the effective replication of the virus. NS1 primarily exerts its biological activity via the following strategies: (i) inhibition of cellular pre-mRNA splicing and polyadenylation; (ii) enhancement of nuclear-export machinery and efficiency of viral mRNA translation; (iii) activation of the PI3K/Akt signaling pathway; (iv) repression of antiviral immune response; and (v) involvement in apoptosis of host cells. 1 The NS1 proteins of most influenza A virus strains have an average length of 230 amino acids (aa). Nevertheless, spontaneous deletion of amino-acid residues in NS1 protein is common in many influenza A strains, especially the H5N1 subtype. For example, the deletion of five residues at position 80-84 has been reported in several studies.
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This deletion is not found in H5N1 strains isolated prior to 1999, but has been detected in the majority of H5N1 isolates since 2000. Other NS1 mutations, such as a deletion at position 191-195 6 and a C-terminal truncation at position 221-230, 7, 8 are also common. The biological significance of these deletions is not fully understood; however, recent findings have linked them with the pathogenicity or transmissibility of influenza A virus. For instance, a five-residue deletion at position 191-195 of NS1 is reportedly involved in the attenuation of this virus strain, 6 while a deletion at position 80-84 within NS1 has been implicated in enhancing the virulence of H5N1 in chickens and mice. 9 Other common variations of NS1 are amino-acid substitutions at particular sites (e.g., S42P, S42G, D92E, L103F, I106M and A149V), some of which are responsible for alterations in virus pathogenicity. [10] [11] [12] [13] [14] Among them, the D92E substitution has drawn a great deal of attention due to its association with a potent resistance to the antiviral effects of cytokines and a high fatality rate. 13, 15 Strain-specific amino-acid sequence diversity of NS1 is also an important factor that affects its function, as well as the overall virulence of the virus. For example, NS1 proteins from the A/VN/1203/04 (H5N1) and A/Hongkong/483/97(H5N1) strains exhibit differential interactions with the host cell CPSF30 (30KD subunit of cleavage and polyadenylation specificity factor). 14 In addition, the NS1 proteins of the A/Brevig Mission/1/18(H1N1) and A/Mallard/Netherlands/12/ 2000(H7N3) strains, but not the A/Udorn/72(H3N2) strain, can interact with cellular Crk/CrkL (v-crk homolog-like). 16 Therefore, different NS1 proteins may possess different biological properties and exert varying influences on host cells. In the present study, we attempted to elucidate the effects of NS1 on the virulence of influenza A virus by examining host responses (cytokine response, p53 activity and apoptosis) in the presence of overexpressed NS1 variants (with/without deletion at position 80-84 or alteration at position 92). kidney cells (293T) and a human osteosarcoma cell line (Saos-2) were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured at 37 uC in 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with antibiotics and 10% fetal calf serum. Influenza A virus A/Chicken /GD/1/05(H5N1) was passaged in MDCK cells.
QIAamp viral RNA mini kits were purchased from Qiagen (Hilden, Germany). DNase I, AMV reverse transcriptase and PrimeSTAR HS DNA polymerase were from TaKaRa (Dalian, China). Lipofectamine 2000, Trizol reagent and SYBR green I were from Invitrogen (Carlsbad, CA, USA). Poly I : C was from Sigma (St Louis, MO, USA). interferon (IFN)a-2b and tumor-necrosis factor (TNF)a were purchased from Shanghai Genomics (Shanghai, China). Dual-luciferase reporter assay kits were from Promega (Madison, WI, USA). Human annexin V-FITC kits were from Bender Medsystems (Burlingame, CA, USA) and cell death detection ELISA PLUS kits were from Roche Diagnostics (Mannheim, Germany). Rabbit anti-p53 antibody and phospho-p53 antibody sampler kits were purchased from Cell Signaling Technology (Danvers, MA, USA), rabbit anti-Flag antibody, mouse anti-Flag antibody, mouse anti-b-actin antibody and peroxidaseconjugated goat anti-mouse antibody were purchased from Sigma (St Louis, MO, USA), Cy3-conjugated goat anti-rabbit antibody and peroxidase-conjugated goat anti-rabbit antibody were from Beyotime Biotechnology (Haimen, China) and Alexa Fluor 488-labeled goat anti-mouse antibody was from Molecular Probes (Eugene, OR, USA).
Construction of recombinant plasmids
To construct the PNF-NS51 plasmid, viral RNA from A/Chicken/GD/ 1/05(H5N1) was extracted, and the NS1 coding sequence was amplified by reverse transcription (RT)-PCR using the following primers: NS51-S (59-TATGGATCCATGGATTCCAACACT GTG-39) and NS51-A (59-GACGGA TCCTCAAACTTTTGACTCAATTG-39). PCR products were digested with BamHI and cloned into PNF vector (a modified pcDNA3 vector with N-terminal Flag tag).
Plasmid PNF-NS51(I), encoding a H5N1-NS1 protein with an insertion of five residues immediately next to position 79, was generated as follows. First, the N-terminal coding sequence of NS1 was amplified from the PNF-NS51 plasmid using the upstream NS51-S primer and the downstream NS51-IR primer: (59-AGCTGGCACT-GAAGCGATAGTCATTTTAAGTGCCTCATC-39). Second, the Cterminal sequence of NS1 was amplified by PCR using primers NS51-IF (59-AAA ATGACTATCGCTTCAGTGCCAGCTTCACGCT-ACCTA-39) and NS51-A based on the PNF-NS51 plasmid. Third, the PCR products of the above N-and C-terminal coding sequences of NS1 were annealed and extended for 10 cycles followed by the addition of the primer sets NS51-S and NS51-A for an additional 30 cycles of amplification. Finally, the PCR product was cloned into the PNF vector's BamHI site to generate plasmid PNF-NS51(I).
To produce the PNF-NS51(IM) plasmid, a T to A point mutation was introduced into plasmid PNF-NS51(I) using the primers NS51-MF (59-CGCTACCTAACTGAA ATGACTCTCGAGG-39) and NS51-MR (59-CCTCGAGAGTCATTTCAGTTAGGT AGCG-39) following the protocol of the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA).
For the reporter assays, p21 and MDM2 gene promoter regions were amplified from human genomic DNA using two pairs of primers: p21F (59-CAGAGATCTTCCCTCC ATCCCTATGCT-39) and p21R (59-GCTAAGCTTCTTCGGCAGCTGCTCACA-39) for p21; MDMF (59-GTCAGATCT AAAACCCCGGATGGTGAG-39) and MDMR (59-CGCAAGCTTTCTTGTTCCGAAGCTGGA-39) for MDM2. P21-Luc and MDM-Luc reporter plasmids were subsequently generated by fusing the p21 and MDM2 gene promoters into the pGL3-basic vector using BglII and HindIII.
To construct the pcDNA3-p53 plasmid, a human p53 encoding sequence was generated by RT-PCR using primers p53F (59-ATTG-GATCCATGGAGGAGCCGCAGTCA-39) and p53R (59-CGAGAA-TTCTCAGTCTGAGTCAGGCCC-39) and ligated into pcDNA3 via BamHI and EcoRI.
The human IFNb promoter was cloned using the following primer pair: IFNB-F (59-AGTAGATCTGAATTCTCAGGTCGTTTG-39) and IFNB-R (59-CTTAAGCTTAAA GGTTGCAGTTAGAATG-39) and was subsequently inserted via BglII/HindIII into the pGL3-basic vector to create the pIFNb-luc plasmid. pISRE-luc and pNF-kB-luc were purchased from Beyotime Biotechnology.
Immunofluorescence microscopy
Immunofluorescence analysis was performed as described previously. 17 Briefly, Hela or A549 cells grown on glass coverslips were transfected with recombinant plasmids. After 24 h, cell monolayers were washed once with phosphate-buffered saline (PBS) and fixed for 10 min with 4% paraformaldehyde at room temperature. The cells were then permeabilized with 0.2% Triton X-100 for 10 min and blocked for 30 min in PBS containing 5% bovine serum albumin (BSA), followed by incubation with rabbit anti-Flag antibody (1 : 700) alone or with a mixture of mouse anti-Flag antibody (1 : 700) and rabbit anti-p53 (1 : 600) antibody for 2 h. After three washes with PBS, the coverslips were incubated with Cy3-conjugated goat anti-rabbit antibody or reacted with Alexa Fluor 488-labeled goat anti-mouse antibody (1 : 300) and Cy3-conjugated goat anti-rabbit antibody (1 : 250) for 1 h and then stained with Hoechst 33258 for 5 min. Finally, the coverslips were washed three times with PBS and observed with an Olympus IX70 fluorescence microscope.
Reporter assays
Confluent Hela or Saos-2 cells in 24-well plates were transfected with different reporter plasmids (pIFNb-luc, pISRE-luc, pNF-kB-luc, P21-Luc or MDM-Luc) and H5N1-NS1 effector plasmids along with an internal control plasmid, pRL-CMV, in the presence or absence of poly I : C, IFNa-2b, TNFa, or overexpressed p53. In addition, pcDNA3 was supplemented to normalize the total amount of DNA in each transfection. After 36 h of transfection, the cells were washed once with PBS, lysed with 100 ml passive lysis buffer (Promega), and the luciferase activity was measured using the Dual-Luciferase Assay System (Promega) and a TD-20/20 luminometer (Turner Biosystems, Sunnyvale, CA, USA) according to the manufacturer's instructions. All experiments were repeated independently, and the results are expressed as the average values of firefly luciferase activity normalized to Renilla luciferase activity.
RT-PCR
Hela cells were transfected with plasmids encoding different NS1 variants or an empty vector for 24 h and subjected to further transfection with poly I : C for 6 h, followed by a 6 h incubation with Dulbecco's modified Eagle's medium containing 40 mg/ml of poly I : C. Total RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer's instructions and treated with DNase I for 1 h. RT-PCR was performed using the indicated primer pairs for human IFNb (IFNB-S: 59-GACGCCGCATTGACCATCTA-39 and IFNB-A: 59-AGTTCCTT-AGGATTTCC ACTCT-39) or b-actin (Actin-S: 59-CCAAGGCCAAC-CGCGAGAAGATGAC-39 and Actin-A: 59-AGGGTACATGGTGG-TGCCGCCAGAC-39). RT-PCR products were separated by 2% Western blotting 293T cells (80% confluence) were transfected with plasmids expressing NS1 variants or an empty vector for 24 h. Laemmli sample buffer was added, and samples were collected and boiled for 5 min. After a brief sonication, the lysate was subjected to 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. The membrane was blocked for 2 h in Tris-buffered saline with Tween 20 (TBST) containing 5% non-fat milk and incubated overnight at 4 uC with specific antibodies against total p53 and phosphorylated p53 at different sites (Ser6, Ser9, Ser15, Ser20, Ser37, Ser46 or Ser392). b-actin antibody (1 : 3000) was also used as a control. After three washes with PBS, membranes were exposed to peroxidaseconjugated secondary antibody (1 : 3000) for 2 h. Immunoblots were developed using the enhanced chemiluminescence substrate ECL (Pierce, Rockford, IL, USA) or diaminobenzidine (DAB).
Cell fractionation study
Transfected 293T cells were washed with PBS and suspended in buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml of leupeptin and 2 mg/ml aprotinin). After 15 min incubation on ice, 1% NP40 was added and the samples were vortexed for 10 s. The lysate was centrifuged at low-speed (1300g, 5 min, 4 uC), and the supernatant (cytoplasmic fraction) was collected and further centrifuged at highspeed (20 000g, 15 min, 4 uC) to remove insoluble aggregates. Nuclei in the pellet were washed once in buffer A and lysed for 30 min in buffer B (20 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 25% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin and 2 mg/ml aprotinin). Soluble components (nuclear fraction) were collected by centrifugation (12 000g, 5 min, 4 uC). The resulting cytoplasmic and nuclear fractions were mixed with an equal volume of 23 SDS sample buffer, boiled for 10 min, and briefly sonicated for 30 s. The sample was finally subjected to SDS-polyacrylamide gel electrophoresis followed by western blot analysis using p53 antibody, as described earlier (DAB).
Annexin V/propidium iodide (PI) double staining Hela cells were transfected with different H5N1-NS1-expressing plasmids. Two days after transfection, the cells were harvested, washed once with PBS, and incubated with FITC-conjugated annexin V and PI in binding buffer for 10 min at room temperature in the dark. Cells were further analyzed by flow cytometry immediately following incubation.
Analysis of apoptosis by ELISA
The extent of apoptosis induced by different H5N1-NS1 variants at 48 h post-transfection was assessed in Hela cells using a Cell Death Detection ELISA PLUS kit (Roche Diagnostics) as per the manufacturer's instructions. This kit allows the quantitative measurement of mono-and oligonucleosomes released into the cytoplasm from apoptotic cells utilizing two different antibodies against DNA and histones. Briefly, the cell lysate (20 ml/well) was placed into a streptavidin-coated microplate, and 80 ml of the immunoreagent containing a mixture of anti-histone-biotin and anti-DNA-POD antibody was added. After incubation for 2 h at 25 uC with gentle shaking at 300 r.p.m., the unbound antibodies were washed away with incubation buffer and 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), the substrate of POD, was added. The absorption values were measured at 405 nm with a reference wavelength of 490 nm. The relative nucleosome abundance is expressed as a ratio of A405 to A490.
RESULTS

H5N1-NS1 variants and their subcellular localization
We constructed three H5N1-NS1 recombinant plasmids: PNF-NS51 carrying a coding sequence for H5N1-NS1 with a natural deletion of 5 aa at position 80-84; PNF-NS51(I) carrying a coding sequence for H5N1-NS1 with the missing 5 aa inserted; PNF-NS51(IM) carrying a coding sequence for H5N1-NS1 with both a 5-aa insert and a D92E point mutation. All constructs contained an artificially introduced Flag tag at the N terminus of NS1 (Figure 1a) .
NS1 is known to preferentially localize in the nuclei of infected cells. As shown in Figure 1b , all H5N1-NS1 variants were distributed mainly within the nuclei and minimally in the cytoplasm of transfected cells. An N-terminal Flag tag in all three H5N1-NS1 constructs had no obvious influence on NS1 localization. In addition, the similar localization patterns of all three variants indicated that the two NS1 mutations did not interfere with the normal distribution of the H5N1-NS1 protein.
Differential influence of H5N1-NS1 variants on IFN production
The potent ability of NS1 to antagonize the IFN system has proven to be an important factor contributing to elevated replication and virulence of influenza A virus. To identify the potential impact of a 5-aa deletion and D92E mutation on the induction and action of IFN, two reporter constructs, pIFNb-luc and pISRE-luc, were selected for subsequent reporter assays in the presence or absence of different H5N1-NS1 variants. In empty vector-treated Hela cells, the transcriptional activity of the IFNb promoter following poly I : C stimulation was about four times higher than in untreated controls. However, when different H5N1-NS1 variants were introduced into cells individually, the relative luciferase activity induced by IFN-b promoter exhibited apparent variation. Expression of NS51 and NS51(I) showed comparable repressive effects on IFNb promoter activity induced by poly I : C (approximately 56 and 63% decrease relative to the control) (Figure 2a) . However, expression of NS51(IM) failed to inhibit poly I : C-stimulated transcription of the IFNb reporter gene. Indeed, NS51(IM) treatment slightly enhanced reporter activity (Figure 2a) . Tests on the ISRE-luc construct showed that all three H5N1-NS1 variants had no significant effect on IFN-responsive promoter activity induced by IFNa-2b (Figure 2b ). To further confirm the effect of H5N1-NS1 variants on IFN induction, we performed semiquantitative RT-PCR experiments to determine the level of IFNb and b-actin mRNA expression in Hela cells following exogenous expression of NS1 variants. Consistent with the results of our reporter assays, NS51 and NS51(I) downregulated the transcription of IFNb to a similar degree, while NS51(IM) did not substantially affect the mRNA level of IFNb (Figure 2c ).
H5N1-NS1 variant-mediated inhibition of TNFa-mediated activation of NF-kB promoter activity NS1 has been shown to circumvent the action of TNFa, which is a powerful suppressor of influenza A replication. 13, 15 TNFa can activate NF-kB, which is a key target of the TNFa signaling transduction pathway. To address whether three H5N1-NS1 variants can act as TNFa antagonists, an NF-kB promoter-containing plasmid was used in reporter assays. All H5N1-NS1 variants inhibited NF-kB promoter Effects of H5N1-NS1 variants on IFN induction WZ Li et al 237 activity in response to TNFa (Figure 3 ). Compared to the empty vector, relative luciferase activity was reduced by 74.6, 53.3 and 55.2% upon the expression of NS51, NS51(I) and NS51(IM), respectively. The suppressive effect of NS51 was about 40% higher than that of NS51(I) and 35.2% higher than that of NS51(IM) .
H5N1-NS1 variants did not alter the phosphorylation status and intracellular distribution pattern of p53
p53 has been recently shown to be able to defend against a subset of viruses, including influenza A virus. 18 The expression level and activity of p53 can be substantially increased by treatment with IFN or TNFa. [19] [20] [21] Based on the observed effects of H5N1-NS1 variants on IFN production and TNFa action, we investigated the influence of H5N1-NS1 variants on p53 activity. Since the activation of p53 is closely associated with its phosphorylation status and nuclear accumulation, we first examined the effects of H5N1-NS1 variants on the phosphorylation state of p53 at seven serine sites (Ser6, 9, 15, 20, 37, 46 and 392) and found no significant changes (Figure 4a) . Moreover, the total expression level of p53 was constant in both NS1-transfected cells and controls (Figure 4a) .
Next, we performed cell fractionation analysis and immunofluorescence staining to investigate the influence of different H5N1-NS1 variants on the intracellular distribution of p53. As shown in Figure 4b , there was no significant difference in the abundance of p53 within the cytoplasm or nucleus in 293T cells, including empty vector-transfected cells. In addition, although colocalization of each H5N1-NS1 variant and endogenous p53 in nuclei was observed in a proportion of A549 cells (Figure 4c , yellow arrows), the existence of H5N1-NS1 variants in other A549 cells did not lead to marked nuclear accumulation of p53 (Figure 4c, white arrows) . Meanwhile, the percentage of p53-positive nuclei among all experimental groups, including controls, remained almost unchanged. These results demonstrated that all three H5N1-NS1 variants did not affect the normal distribution of p53 in host cells regardless of the cell types used.
H5N1-NS1 variants reduced the transcriptional activity of p53
Based on the partial colocalization of H5N1-NS1 variants and p53 observed in our immunofluorescence experiments, we speculated that H5N1-NS1 variants may influence the function of p53. Active p53 is linked with a variety of physical or pathological processes, such as DNA repair, cell-cycle arrest, apoptosis and viral resistance. Most of these functions are associated with transcriptional activity of p53. Therefore, reporter assays were carried out to determine the effect of H5N1-NS1 variants on p53 transcriptional activity. Saos-2, a p53-defective cell line, and two reporter plasmids, p21-luc and MDMluc with respective p21 and MDM2 promoters, were selected because p21 and MDM2 are two biological p53 target genes.
When the pcDNA3-p53 plasmid was co-transfected with the reporter plasmids, the relative luciferase activities of p21-luc and MDM2-luc increased approximately 35-fold and 265-fold respectively (Figure 5a and b) . Nevertheless, coexpression of NS51, NS51(I) or NS51(IM) with p53 reduced p21-luc activity to 41.4, 35.7 and 
H5N1-NS1 variants had no significant influence on the apoptosis of Hela cells
Given that the relationship between influenza A virus, NS1 and apoptosis has been described in a number of studies, [22] [23] [24] we compared the effects of different H5N1-NS1 variants on the apoptotic response of Hela cells. As seen in Figure 6a , although the percentage of both earlyapoptotic cells (which possess a single-positive staining pattern detected by FITC-labeled annexin V) and late-apoptotic/necrotic cells (annexin V/PI double-positive staining pattern) were mildly elevated upon expression H5N1-NS1 variants relative to the controls, release of monoor oligonucleosomes from apoptotic cells was unchanged (Figure 6b ).
DISCUSSION
The NS1 protein of the highly pathogenic H5N1 virus has undergone continuous evolution in birds and some mammals since the virus was isolated from fatal cases in Hong Kong in 1997. One important determinant contributing to the high virulence of H5N1/1997 is a D92E mutation in the NS1 protein. 13, 15 Surprisingly, the D92E mutation rate in NS1 of H5N1 virus has decreased gradually since 1997. In 2000, a new strain of H5N1 virus with a 5-aa deletion at position 80-84 of NS1 emerged; 2,3 this deletion can be observed in almost all H5N1 influenza virus strains isolated during 2001-2009. To evaluate the potential influence of NS1 variants on the pathogenicity of H5N1 virus, three H5N1-NS1 variants with diverse aminoacid compositions at position 80-84 or 92, named NS51, NS51(I) and NS51(IM), were constructed. All H5N1-NS1 variants exhibited similar nuclear distribution patterns, implying that the mutation at position 80-84 or 92 did not disturb the normal localization of NS1.
The capacity of NS1 protein to antagonize cytokine responses (especially to IFN and TNFa) has long been considered a major factor promoting effective viral replication. NS1 may exert its antagonistic effects on the IFN system through three primary strategies: limiting IFN production, blocking IFN-induced gene expression or suppression of the effector molecule involved in the IFN signaling pathway (e.g., PKR).
1 Examination of the effects of three H5N1-NS1 variants on the induction and action of IFN demonstrated that NS51 and NS51(I) significantly downregulated IFNb production (Figure 2a  and c) , despite the fact that all H5N1-NS1 variants failed to affect IFN-induced reporter gene expression governed by an ISRE-containing promoter (Figure 2b) . Additionally, one study reported that PR8/ NS1 did not reduce the IFN-induced gene expression from ISRE but efficiently hindered IFNb induction, corroborating our results. 25 The above data suggest that the IFN resistance effect induced by NS51 and NS51(I) variants is primarily mediated by inhibition of IFN production rather than by interference with the IFN signaling pathway.
The presence of glutamic acid at position 92 (E92) in NS1 has been shown to be essential for countering antiviral cytokine responses. 13, 15 Figure 2 Effects of H5N1-NS1 variants on the production and action of IFN. The IFNb promoter-(a) or ISRE promoter-containing reporter construct (b) and pRL-CMV plasmids were transfected into Hela cells along with the indicated NS1 expression vectors for 24 h with or without subsequent stimulation with poly I : C (a) or IFNa-2b (b) for 12 h. Relative luciferase activities were plotted as means6SD from three independent experiments. (c) Influence of H5N1-NS1 variants on IFNb mRNA levels. Hela cells were transfected with the indicated plasmids for 24 h with or without 12 h poly I : C stimulation. Total RNA was extracted and subjected to semi-quantitative RT-PCR analysis using specific primer sets for IFNb and b-actin. The ratio of IFNb to b-actin is shown at the bottom of the graph following quantification with the Quantity One program. IFN, interferon; NS1, non-structural protein 1. Figure 3 Suppressive effects of H5N1-NS1 variants on TNFa-mediated NF-kB promoter activity. Hela cells were transfected with pNF-kB-luc, pRL-CMV and NS1 variant constructs. After 30 h, cells were incubated with TNFa for 6 h and luciferase activity was measured. The data are presented as means6SD of three independent experiments. NS1, non-structural protein 1; NF-kB, nuclear factorkappaB; TNF, tumor-necrosis factor.
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However, the exact mechanism responsible for the enhanced virulence conferred by this mutation has not been fully established. Recently, Lipatov and colleagues reported that a reassortant virus harboring a D92E mutation in its H5N1/NS1 gene provokes significantly higher levels of inflammatory cytokines (including IFN) than viruses whose NS1 protein contains D92. 4 Consistent with their findings, our data indicated that the D92E mutation entirely abrogated the repressive effect of the NS51(I) variant on IFNb production. IFNb is capable of promoting expression of a variety of cytokines and chemokines, including IL10, RANTES(CCL5), MCP-1(CCL2), MCP-3(CCL7), MCP-2(CCL8), MIG(CXCL9) and IP-10(CXCL10). [26] [27] [28] Because an elevated expression of cytokines and chemokines has been proposed to contribute to the unusual severity and mortality of H5N1 infection, 29, 30 our results provide evidence in support of the hypothesis that the high pathogenicity of H5N1 virus may be associated with a reduced repression on IFN production conferred by the D92E mutation.
Recently, Long and co-workers reported that a 5-aa deletion at position 80-84 of NS1 contributes to increased virulence of H5N1 in chickens and mice. 9 Moreover, crystallographic analysis of the NS1 protein from a highly pathogenic H5N1 virus (A/Vietnam/1203/2004) revealed that this 5-aa deletion results in a more pronounced twisting of the effector domain of NS1.
7 However, the mechanism by which this deletion contributes to H5N1 virulence remains unknown. Thus, we examined the effects of NS51 and another two variants (NS51(I) and NS51(IM)) on NF-kB activity. NS51 exhibited a more powerful repressive effect on TNFa-induced NF-kB promoter activity than NS51(I) and NS51(IM) (Figure 3 ). Because TNFa can exert potent antiviral functions during influenza A infection, 31 the enhanced resistance to TNFa conferred by the 5-aa deletion could be partly responsible for the increased pathogenicity of the H5N1 virus.
In a previous study, p53 has been demonstrated to be an important mediator of host defense against influenza A. 18 Additionally, the expression level, phosphorylation state, nuclear accumulation and transcriptional activity of p53 are substantially increased during influenza A infection. 18, 32 Together with observations by Zhirnov, who described decreased serine phosphorylation (Ser15 and Ser46) and nuclear localization of p53 upon delNS1 virus infection, 33 it appears that both influenza A infection and the NS1 protein are correlated with the regulation of p53 activity. Activation of p53 occurs primarily through post-transcriptional mechanisms, such as protein stabilization by phosphorylation, increased nuclear localization and enhanced DNA-binding via conformational change. In our study, neither the phosphorylation level nor the nuclear accumulation of p53 was altered in cells transfected with H5N1-NS1 variants (Figure 4) . However, we observed partial colocalization of endogenous p53 and H5N1-NS1 variants (Figure 4c) . Furthermore, we found that p53-induced activities of p21-luc and MDM-luc were reduced to similar levels by three H5N1-NS1 variants ( Figure 5 ). The above results suggest an inherent association of NS1 and p53, although the exact relationship between these two proteins needs to be further examined. The discrepancies between our results and Zhirnov's observation may be attributed to the specific experimental systems used: we detected the influence of NS1 on p53 via exogenous transfection of NS1-encoding plasmids, whereas Zhirnov used wild-type and NS1-deficient viruses to examine the effect of NS1. The enhancement of p53 activity in the presence of NS1 observed by Zhirnov may be due to the elevated DNA damage induced by wild-type influenza A virus. DNA breakage or damage is a common phenomenon during influenza A infection 34 and is the most important trigger of p53 activation. 35 Compared with wild-type influenza A virus, delNS1 virus always displays a reduced replication capability in host 
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Apoptosis is a complicated process and involves numerous extracellular signals and intracellular molecules, including IFN, TNFa and p53. In addition, an association between NS1 and apoptosis has been observed by many studies. However, the exact role of NS1 in the apoptotic response has not been fully understood, given that NS1 has been found to exhibit either pro-or antiapoptotic function in different experimental systems. It has been shown that the overexpression of H5N9 NS1 in MDCK or Hela cells is sufficient to trigger apoptosis. 22 Transfection of NS1 from the A/HK/483/97(H5N1) strain into human airway epithelial cells can also induce apoptosis. 23 However, in another report, the ectopic expression of PR8/NS1 protein was shown to produce an antiapoptotic response in MDCK cells through the activation of the PI3K/Akt signaling pathway. 24 In our study, although H5N1-NS1 variants affected IFN induction, the TNFa response and p53 activity, they did not significantly promote or inhibit the apoptosis of Hela cells. Furthermore, none of these H5N1-NS1 variants markedly influenced the apoptotic process in MDCK cells (data not shown). Therefore, the role of NS1 in apoptosis is currently far from clear. A possible explanation for these discrepancies is that different NS1 proteins or cells were used in these studies.
In conclusion, our results indicate that three H5N1-NS1 variants differentially affected the production of IFN, inhibited the TNFa response and exerted similar inhibitory effects on the transcriptional activity of p53, although they did not markedly influence apoptosis of host cells. Our findings might partly explain the elevated virulence of H5N1 virus. Effect of H5N1-NS1 variants on apoptosis. Hela cells were transfected with the indicated plasmids. After 48 h, double-staining was performed using annexin V-FITC/PI (a). Oligonucleosomal DNA fragmentation was measured by ELISA and expressed as the ratio of A405/A490 (b). The bars represent means6SD from three experiments. NS1, non-structural protein 1; PI, propidium iodide.
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